Predation on stink bugs (Hemiptera: Pentatomidae) in cotton and soybean agroecosystems by Athey, Kacie J. et al.
University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln
Faculty Publications: Department of Entomology Entomology, Department of
3-26-2019
Predation on stink bugs (Hemiptera:
Pentatomidae) in cotton and soybean
agroecosystems
Kacie J. Athey
University of Kentucky, kacie.athey@gmail.com
John R. Ruberson
University of Nebraska-Lincoln, jruberson2@unl.edu
Dawn M. Olson
University of Nebraska - Lincoln
James D. Harwood
Qingdao Agricultural University
Follow this and additional works at: https://digitalcommons.unl.edu/entomologyfacpub
Part of the Entomology Commons
This Article is brought to you for free and open access by the Entomology, Department of at DigitalCommons@University of Nebraska - Lincoln. It has
been accepted for inclusion in Faculty Publications: Department of Entomology by an authorized administrator of DigitalCommons@University of
Nebraska - Lincoln.
Athey, Kacie J.; Ruberson, John R.; Olson, Dawn M.; and Harwood, James D., "Predation on stink bugs (Hemiptera: Pentatomidae) in
cotton and soybean agroecosystems" (2019). Faculty Publications: Department of Entomology. 760.
https://digitalcommons.unl.edu/entomologyfacpub/760
RESEARCH ARTICLE
Predation on stink bugs (Hemiptera:
Pentatomidae) in cotton and soybean
agroecosystems
Kacie J. AtheyID1¤*, John R. Ruberson2☯, Dawn M. Olson3☯, James D. Harwood4☯
1 Department of Entomology, University of Kentucky, Lexington, Kentucky, United States of America,
2 Department of Entomology, University of Nebraska, Lincoln, Nebraska, United States of America, 3 Crop
Protection and Management Research Unit, USDA-ARS, Tifton, Georgia, United States of America,
4 College of Plant Health and Medicine, Qingdao Agricultural University, Qingdao, Shandong, China
☯ These authors contributed equally to this work.
¤ Current address: Tree Fruit Research and Extension Center, Washington State University, Wenatchee,
Washington, United States of America
* kacie.athey@gmail.com
Abstract
Stink bugs (Hemiptera: Pentatomidae) are significant pests of cotton and soybeans in the
southeastern United States with annual control costs exceeding $14 million in these crops.
Three of the most prominent stink bug pests are the southern green (Nezara viridula), brown
(Euschistus servus) and green (Chinavia hilaris) stink bugs. To determine trophic linkages
between generalist arthropod predators and these pests, species-specific 16S molecular
markers were designed and used to detect the presence of prey DNA in predator gut-con-
tents. Over 2700 predators were collected over two growing seasons in cotton and soybean
in southern Georgia in 2011 and 2012 and screened for stink bug DNA. Trophic linkages
were analyzed relative to prey availability, crop type and field location. The frequency of
stink bug DNA in predator guts was negligible on E. servus (0.23%) and C. hilaris (0.09%).
Overall gut content detection of N. viridula was 3.3% and Geocoris sp. (Hemiptera: Geocori-
dae), Orius sp. (Hemiptera: Anthocoridae) and Notoxus monodon (Coleoptera: Anthicidae)
were the primary predators. This contrasts with previous studies that reported a much more
diverse suite of predators consuming stink bugs with much higher frequency of gut-content
positives. The discrepancy between studies highlights the need for replicating studies in
space and time, especially if the goal is to implement effective and durable conservation bio-
logical control in integrated pest management.
Introduction
Phytophagous stink bugs (Hemiptera: Pentatomidae) are pests in cotton [1, 2] and soybean
crops [3, 4]. Historically, southern green stink bug, Nezara viridula (L.), and green stink bug,
Chinavia hilaris (Say), were the two most important stink bug pests in soybean in the southern
United States and South America [3]. However, these two species along with the brown stink
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bug (Euschistus servus (Say)) comprise a stink bug complex in the southern United States [5].
None of these stink bugs are directly affected by Bt (Bacillus thuringiensis Berliner) toxins cur-
rently used in Bt-transgenic cotton, which is currently in widespread use. Bt-cotton use has led
to decreased broad spectrum insecticide use in the southern United States [6]. Further, the cot-
ton boll weevil eradication program also significantly reduced insecticide use [7]. Historically,
stink bugs were collaterally controlled by insecticidal sprays targeting other pests, and without
these sprays, stink bugs have again emerged as significant pests in southeastern US row-crop
systems [8, 9]. Additionally, release from competition with Bt-targeted insects like Helicoverpa
zea (Boddie) may contribute to stink bug outbreaks in cotton [10].
Traditionally, stink bug species have been lumped together as a pest complex potentially
making it difficult to assess their species-specific economic impact [5, 11, 12]. Different species
of stink bugs can have differential impacts on cotton, with varied levels of damage to bolls
[13], and on soybean crops, in terms of damaged seeds [14], highlighting a need to study stink
bugs as individual species and not just as a pest complex. Their wide host ranges and diverse
feeding habits complicate the lumping together of the species with respect to their economic
impacts. As noted, these stink bug species are pests of soybean and cotton, but are also pests in
grain, fruit, nut and vegetable production [15] where they inflict millions of dollars in control
costs and yield losses [5], with 2017 losses in Georgia cotton of 47,000 bales, with cost per acre
exceeding almost all other pest groups [16]. Nezara viridula is highly polyphagous, attacking
over 30 species of plants [17–19]. Jones and Sullivan [20] showed that C. hilaris could utilize
about 16 different host plants for development and reproduction. Several other species of stink
bugs (e.g. E. servus, E. tristigmus (Say), Thyanta accerra McAtee) were found to exploit many
hosts in addition to economically important crops, such as soybean and cotton [20].
These stink bug species also vary in their susceptibility to insecticides [12, 21]. For example,
E. servus was found to be less susceptible to some pyrethroids and organophosphates than
were C. hilaris and N. viridula [22]. The variability in species-specific impact on crops, suscep-
tibility to various insecticides, and general ecology underscore the need for an integrated
approach to managing stink bug pests.
Integrated pest management (IPM) programs can benefit greatly from incorporating bio-
logical control [23]. Generalist predators contribute vital ecosystem services through pest con-
trol [24], and pest control utilizing natural enemies in the United States has been estimated to
save $4.5 billion annually [25]. Many studies have identified predators of stink bugs with a
degree of variability in the results [26–33] (Table 1), but only two recent studies utilized PCR
for identifying stink bug predators [34, 35].
Molecular gut-content analysis is a popular tool for determining trophic linkages [36–39]
and screening many diverse predators in a short amount of time for a given prey item. This
technique is useful in agroecosystems [40, 41] and has been used to help elucidate stink bug
food webs [34, 35]. The majority of terrestrial arthropod predators feed cryptically by liquid
ingestion following extra-oral digestion [42]. Therefore, determining trophic linkages without
molecular methodologies would require visual observations, greatly limiting the number of
predators that can be screened quickly. There are however, limitations to molecular gut-con-
tent analysis, such as the inability to separate primary predation from secondary predation or
scavenging [43]. In addition, molecular gut-content analysis using PCR is a strictly qualitative
measure of predation [44]; but if used in conjunction with prey abundance data this method
may allow inferences about the potential impact of the predators on the overall pest population
[36].
For this project, we employed molecular gut-content analysis to determine which predators
from a diverse suite of insects and spiders consumed the three important species of stink bugs
in cotton and soybean crops in Georgia. We sampled predators over two years in three
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locations, and tested for differences in predation as a function of crop types, farm locations
and prey availability. The main objective of this study was to determine which predators most
frequently preyed upon stink bugs at different times of the season in cotton and soybeans.
Materials and methods
Field conditions
Field sampling took place on soybean-cotton farms from July through October 2011 and 2012
in three locations in southwestern Georgia, USA. The locations were USDA-ARS Belflower
Farm, Tifton, GA (Tift Co.) (N31˚ 30.434 W083˚ 33.430) (planted on 2 June 2011, 17 June
2012), the Attapulgus Research and Education Center, University of Georgia, Attapulgus, GA
(Decatur Co) (N30˚76.254 W84˚ 48.488) (planted on 31 May 2011, 17 June 2012) and the
Southwest Research and Education Center, University of Georgia, Plains, GA (Sumter Co)
(N32˚ 03.589 W84˚ 36.691) (planted on 6 June 2011, 17 June 2012). In 2011, three crops at each
location were sampled: Bt-cotton (DP1034B2RF), soybeans MG5 (maturity group 5) (Agsouth
Genetics 568RR) and soybeans MG6.9 (maturity group 6.9) (Asgrow AG6931RR) (Monsanto
Co, St. Louis, MO, USA). The different soybean maturity groups were used because they attract
different complexes of predators (McPherson 1996). In 2012, four crops were sampled at each
location: Bt-cotton, non-Bt cotton (var. DP147), MG5 soybeans and MG7 soybeans. Aldicarb
(Bayer CropScience Leverkusen, Germany), was applied in furrow at planting in cotton (3.93
kg/ha (3.5 lbs/acre)) for thrips control [45]. No other insecticides were applied. Because there
were different crop types in the two years, each year was analyzed separately.
Arthropod sampling
Samples were collected weekly beginning 29 July and ending 30 September in 2011 and 12 July
to 11 October in 2012 using a 31 cm diameter sweep net with 100 sweeps per sample, with two
samples per field which were pooled for subsequent analyses. We initiated sampling in July
each year because stink bugs are not a concern in cotton and soybean until fruit is present on
the crops. Within each field, samples were taken along two different rows separated from one
another by six rows. Sweeping was initiated five meters into the crop and along rows at least
five rows from the plot edge to reduce edge effects. Different rows were sampled on each sam-
ple date to prevent prolonged disruption of sampling rows. All arthropods were counted with
predators and stink bugs immediately separated and placed in sterile 1.5 mL microcentrifuge
Table 1. Summary of previous studies on N. viridula, C. hilaris, and E. servus predation.
Predators Methods Crop Reference
Chewing and sucking predators Sentinel egg masses Soybean, alfalfa [33]
Coccinellidae, Geocoris punctipes, Orius insidiosus, Podisus maculiventris, Solenopsis invicta,
Nabis roseipennis, Lebia analis
ELISA, eggs soybean [28]
Coccinellidae, Oxyopes salticus, Phidippus audax, Neoscona arabesca, G. punctipes, and N.
roseipennis
ELISA, nymphs soybean [28]
Anthicidae, Grasshoppers, phytophagous stink bugs, Chrysopidae larvae, S. invicta, Nabis spp.,
Sinea spp.
Radioactive labeling; visual
observations
soybean [29]
Field predators were not identified Sentinel egg masses Weeds, tomato and
beans
[26]
Coccinellidae, Formicidae, Podisus spp., Orius spp., Geocoris spp. Visual observations Corn, peanut and
cotton
[31]
Tettigoniidae, S. invicta, Sentinel egg masses Peanut, cotton and
soybean
[27]
https://doi.org/10.1371/journal.pone.0214325.t001
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tubes filled with 95% ethanol. Specimens were identified to the lowest taxonomic level possible,
stink bugs and predatory insects sight identified by J. R. Ruberson and spiders identified by K.
J. Athey [46], and then frozen at -20˚C until subsequent DNA analysis.
For primer design, specimens of N. viridula, and E. servus were collected from laboratory
colonies and field locations in Tifton, GA, and non-target species were collected in field loca-
tions in Tifton, GA. Primers to amplify C. hilaris were designed in conjunction with a previous
study [47]. Each specimen was preserved as above.
Molecular gut-content analysis
Total DNA was extracted from all specimens using DNeasy Blood and Tissue Kits (Qiagen
Inc., Valencia, CA, USA) following standard animal tissue protocols. For primer design, stink
bug legs were removed and DNA was extracted. For molecular gut-content analysis, all preda-
tors were crushed and whole body extracted (Table 2).
For primer design, we amplified 16S sequences using general primers; 16Sbr-H and 16Sar-
L [50]. Polymerase chain reactions (PCR) (25 μL) consisted of 1X Takara buffer (Takara Bio
Inc., Shiga, Japan), 0.2 mM of each dNTP, 0.2 mM of each primer, 1.25 U Takara Ex Taq and
template DNA (2 μL of total DNA). PCRs were carried out in Bio-Rad PTC-200 and C1000
thermal cyclers (Bio-Rad Laboratories, Hercules, CA, USA). The PCR protocol was 94˚C for 1
min followed by 50 cycles of 94˚C for 45 s, 63˚C for 45 s, 72˚C for 45 s and a final extension of
72˚C for 5 min. PCRs included a positive and negative control. Following amplification, the
bands were visualized on 2% SeaKem agarose (Lonza, Rockland, Maine, USA) pre-stained
with GelRed nucleic acid gel stain (1X; Biotium, Hayward, California, USA). The PCR product
was purified and sequenced at AGTC (University of Kentucky, Lexington, KY, USA).
Sequences were edited using Geneious (Biomatters Ltd, Auckland, New Zealand) and
aligned using MUSCLE [51]. We designed primers by visually inspecting the sequences using
BioEdit 7.0.0 (Isis Pharmaceuticals Inc., Carlsbad, CA, USA) and then using Primer3 [52] to
determine whether the primer properties were adequate. PCR reagents were the same as above
with PCR protocols of 94˚C for 1 min followed by 50 cycles of 94˚C for 45 s, 49 or 53˚C for 45
s, 72˚C for 15 s (Table 3). Following this, the primers were tested against 183 non-targets (S1
Table) for cross reactivity and no amplification was observed. In addition, all primers were tar-
get tested against specimens of the respective stink bugs collected from the field with 100%
amplification success.
Statistical analysis
The proportion of predators testing positive for stink bugs was arc-sine square-root trans-
formed to reduce heterogeneity of variance and analyzed by an ANOVA using a generalized
linear model in SAS (SAS Institute, Cary, North Carolina, USA). The factors in this analysis
were prey availability, week, crop type, and location with interactions between location, crop
type and week. For 2011, an ANOVA was run for all predators combined. For 2012, one
ANOVA was run for all predators combined and one was run for each of three focal predators.
Differences among the locations and crop types were determined by using Tukey’s Honest Sig-
nificant Difference (HSD) tests. Prey availability was the total number of stink bugs (adults
and nymphs combined) of each species collected per field per date (200 sweeps). This number
was used to represent the potential prey available to the generalist predators. Total number of
nymphs and larvae was used as a proxy for population levels as we did not have information
on egg masses, which are the likely prey item for most of our screened predators. Differences
between stink bug species capture numbers per year were determined using a repeated mea-
sures ANOVA across the season with the average capture number per week of N. viridula, C.
Predation on stink bugs
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Table 2. List of all predator taxa tested, with numbers testing positive for N. viridula in PCR testing.
2011 2012
Order Family Species/Group PCR (+) No. Tested PCR (+) No. Tested Reference
Araneae Anaphyanidae 0 3
Araneidae 0 6 [28]
Linyphiidae 0 10
Lycosidae 0 1 [26]
Lycosidae Pardosa sp. 0 12
Oxyopidae 0 12
Oxyopidae Oxyopes salticus 1 163 0 174 [26, 28]
Oxyopidae Peucetia virudans 0 22 0 1
Salticidae 0 48 [28]
Salticidae Hentzia sp. 0 10
Salticidae Phiddipus sp. 0 3
Salticidae Sitticus sp. 0 14 0 1
Tetragnathidae 0 2 0 2 [26]
Theridiidae Latrodectus sp. 0 1
Thomisidae . 0 48 0 6
Thomisidae Mesaphesa sp 0 5
Thomisidae Misumena sp. 0 6
Thomisidae Misumenoides sp. 0 2
Blattodea Blattellidae Blattella asahinai 0 24 1[48]
Coleoptera Anthicidae Notoxus monodon 3 79 13 279 2[26, 29]
Carabidae 0 1
Carabidae Lebia sp. 0 31
Coccinellidae Coccinella septempunctata 0 5 [26, 31]
Coccinellidae Coleomegilla maculata 3 9 0 87 [28, 31]
Coccinellidae Harmonia axyridis 0 15 0 10 [26, 31]
Coccinellidae Hippodamia convergens 0 66
Dermaptera Forficulidae Doru taeniataum 0 1 1[49]
Labiduridae Labidura riparia 0 13 1[49]
Hemiptera Anthocoridae Orius spp. 4 114 39 399 [28, 31]
Berytidae 0 1
Coreidae Leptoglossus phyllopus 0 2
Geocoridae Geocoris spp. 5 258 20 564 [26, 28, 31]
Nabidae Nabis sp. 1 142 [26, 28, 29]
Pentatomidae Podisus maculiventris 0 21 [28, 31]
Reduviidae Sinea spp. 0 37 [29]
Reduviidae Zelus spp. 0 25 [26]
Hymenoptera Formicidae Solenopsis invicta 0 57 [27]
Orthoptera Tettigoniidae 0 1
Neuroptera Chrysopidae Chrysoperla rufilabris 0 12 [29]; 3[26]
Hemerobiidae Micromus sp. 0 1
References contain observation evidence justifying inclusion of a given predator taxon
1Lepidopteran egg predators
2Beetle from the family Anthicidae
3Observation during laboratory feeding trials
https://doi.org/10.1371/journal.pone.0214325.t002
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hilaris and E. servus as the dependent variable. A Tukey’s HSD test was conducted to deter-
mine difference between the means of each stink bug species.
Results
Stink bug predation
A total of 2805 predators were tested for predation on stink bugs. Seventeen of 1278 predators
tested positive for N. viridula in 2011 and 72 of 1528 predators were positive for N. viridula in
2012 (Table 2). 1729 predators were tested for E. servus, with four individuals testing positive
(Coccinella septempunctata, Zelus sp., Geocoris sp., and Orius sp.). 2133 predators were tested
for C. hilaris, with 2 individuals testing positive (Nabis sp. and Oxyopes sp.). Since the fre-
quency of positives for predation on E. servus and C. hilaris was negligible, these species were
excluded from all other analyses.
Predation on N. viridula
The following predators tested positive for N. viridula: Coleomegilla maculata (DeGeer), Geo-
coris spp., Orius spp., Notoxus monodon (F.), Nabis spp., and Oxyopes spp. In 2012, only groups
that had positives from 2011 were repeated (Table 2). Detected predation in 2011 was very low
for all predators with large sample sizes (Fig 1) so frequency of positives by individual preda-
tors in 2012 was only analyzed for: Geocoris spp. (3.5%, 20/564), Orius spp. (9.8%, 39/399), and
Notoxus spp. (4.7%, 13/279) (Fig 2).
When all predators were combined in 2011 (overall model: F36,12 = 3.17, p = 0.02) there was
a significant interaction of week and crop (F11, 12 = 4.00, p = 0.01) (Fig 3). There was higher
predation on N. viridula in Bt-cotton compared to maturity group 7 soybean (Tukey’s HSD,
P<0.05) (Fig 3). There was a main effect of location on predation (F11, 12 = 3.96, p = 0.05),
although no individual differences were detected in the Tukey’s HSD.
In 2012, there were no significant effects of any evaluated variables on frequency of posi-
tives (overall model F78, 29 = 0.95, p = 0.58). Two of the predator groups, Nabis spp. and Oxy-
opes spp., had very low gut-content positives overall and C. maculata had zero gut-content
positives in 2012, so these taxa were not analyzed (Table 2).
In 2012, the overall ANOVA for Geocoris spp. predation on N. viridula was not significant
(overall model F77, 19 = 1.73, p = 0.09). There was, however, a significant interaction of week
and location (F20, 19 = 3.17, p = 0.007) on Geocoris spp. predation on N. viridula (Fig 2). Nei-
ther the overall ANOVA for N. monodon predation on N. viridula (F18, 40 = 1.15, p = 0.34) nor
the ANOVA for Orius spp. predation on N. viridula was significant (F18, 22 = 1.02, p = 0.48).
Pest population numbers
In 2011, there was no significant difference between the capture numbers of the three stink
bug species (F2, 24 = 2.30, p = 0.12). In 2012, the overall model was significant (F2, 39 = 7.78,
Table 3. Primer names and sequences for taxa tested for consumption by predators.
Taxon Primer Sequence Amplicon
size (bp)
Annealing
Temp (˚C)
Reference
N. viridula NV-334F: 5’-TTTTTATTATTTATTTGGGTTG-3
NV-566R: 5’-GTCGAACAGACCTAGAAC-3’
245 53 Designed herein
E. servus ES-43F: 5’-GTCTGATGTTATTTATATCAGATTTAA-3’
ES-295R: -5’-AATAAATATTAACAATTTAACCAAAAC-3’
277 49 Designed herein
C. hilaris AH-276F: 5’-AGACCCTATAGAATTTTATTTTAAAG-3’
AH-390R: 5’-CCTAAAAATAATTATATTTAAACC-3’
146 53 [47]
https://doi.org/10.1371/journal.pone.0214325.t003
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p = 0.0014). The number of N. viridula captured was significantly higher than C. hilaris. There
were however, no significant differences found between either the numbers of N. viridula and
E. servus captured or C. hilaris and E. servus (Tukey’s HSD, P<0.05) (Table 4). Stink bug
Fig 1. 2011 Gut content results. Mean (±SE) number N. viridula per 100 sweeps and the proportion Geocoris spp.,
Orius spp, and Notoxus monodon testing positive for N. viridula DNA by sampling week, 29 July– 7 October 2011. In
sampling week 3, only stink bugs were collected.
https://doi.org/10.1371/journal.pone.0214325.g001
Fig 2. 2012 Gut content results. Mean (±SE) number of N. viridula per 100 sweeps and the proportion Geocoris spp,
Orius spp, and N. monodon. testing positive for N. viridula DNA by sampling week, 12 July– 11 October 2012.
https://doi.org/10.1371/journal.pone.0214325.g002
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population numbers never exceeded the economic thresholds in either soybean [53] or cotton
[54] when normalized for sampling effort [55].
Discussion
Of the three stink bug species tested, N. viridula was the main prey item for generalist predators
in our study. Nezara viridula also had numerically higher population levels in 2012 compared
to the other species. This numerical trend has been observed in other studies in soybean [56]
and cotton (personal observation in [8]). Finding several different predators that consume N.
viridula agreed with previous studies on stink bug predation [27–29, 34, 35]. Additionally, the
main focal predators we identified, Geoccoris spp. and Orius spp. have been identified several
times by other many other authors (Geoccoris spp. [26–28, 34, 35], Orius spp. [27, 28, 34, 35].
Predators with diverse feeding modes (sucking and chewing) consuming N. viridula may
be promising for integrated pest management schemes in cotton and soybean. Our study iden-
tified several predators with both feeding modes (sucking: Orius spp., Geocoris spp., and Nabis
spp.; chewing: N. monodon, Oxyopes spp., and C. maculata) that were consuming N. viridula.
Although there is considerable observational and molecular evidence for which predators
Fig 3. 2011 Gut content results by crop. Proportion of combined predators testing positive for N. viridula DNA by
crop and sampling week, 29 July– 7 October 2011. Predators are Coleomegilla maculata, Geocoris spp., Orius spp.,
Notoxus monodon, Nabis spp., and Oxyopes spp.
https://doi.org/10.1371/journal.pone.0214325.g003
Table 4. Mean stink bugs collected by 100 sweeps by sweep net across the season. Means followed by the same low-
ercase letter are not significantly different.
Stink Bug Species 2011 Mean ± SE 2012 Mean ± SE
N. viridula 3.9 ± 1.0 (a) 2.7 ± 0.59 (a)
C. hilaris 2.17 ± 0.7 (a) 0.1 ± 0.05 (b)
E. servus 1.6 ± 0.4 (a) 1.2 ± 0.5 (ab)
https://doi.org/10.1371/journal.pone.0214325.t004
Predation on stink bugs
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consume stink bugs, the studies vary with predator identity and the impact of these predators
in agroecosystems. For predator groups where we had substantial sample sizes, the highest per-
centage testing positive was 9.8% and this was for Orius spp. in 2012. Our study ran for two
years and we were never able to detect over ten percent of predators testing positive for any
prey group. This low level of positive responses to stink bugs may reflect the availability of
alternate prey (including other predators) for the generalist predators surveyed. The general
lack of a change in frequency of positive detections in the predators when stink bug popula-
tions significantly increased late in the season also suggests that the predators were largely con-
suming other food resources in each cropping system. In addition, year-to-year variability in
predator population density also may have shifted the predator:prey ratio relative to stink bugs
and alternate prey. For example, Davis [57] found high variability among years in Geocoris
spp. density in a peanut agroecosystem, which can affect frequency of predation events.
Our results contrast with two recent field studies employing molecular gut-content analysis
to study predation on stink bugs and a related prey item (kudzu bug, Megacopta cribraria (F.))
in a cotton-soybean-peanut agroecosystem in the same year and the same region of the US
[34, 35]. They found very high percentages of predators testing positive for kudzu bug and
stink bugs. They also found many instances of individual predators simultaneously testing pos-
itive for kudzu bug and three species of stink bugs. Geocoris spp. were especially prone to this
in their study, with 4% of G. punctipes individuals testing positive for four pest species. In con-
trast, we detected no instances of more than one prey item in a single predator and we had
much lower gut-content positives, suggesting possible differences in assay sensitivity. There
were also major differences in procedures used. These previous studies were conducted in a
single location over a one-month period of a single year [34, 35]. Further, one of their treat-
ments contained buckwheat, a rich source of nectar, which can benefit Geocoris spp. [58]
although its impact on their population dynamics is unknown. The percent total predators col-
lected that were Geocoris spp. in these studies, was higher in soybean, which was adjacent to
buckwheat, than in the soybean of our study [34, 35]. In contrast, there were no nectar sources
adjacent to our sampling sites and, we sampled at least 5 meters away from the field edges over
8–12 weeks at three well-separated locations, and replicated over two years. Nevertheless,
although sampling methods differed, we estimate that the densities of predators and stink bugs
in our study were comparable to those in the previous studies [34, 35]. Densities of possible
alternative prey in the various cropping systems were not determined in the present or the pre-
vious studies, and so we cannot compare possible differences in overall prey availability
beyond the stink bug populations. These design and procedural differences likely contributed
to at least some of the differences in our findings.
Differences in molecular techniques between studies also could help explain the disparity in
the frequency of the same species testing positive for predation. We screened our primers
against 183 non-targets from 12 orders and 78 families (Table 3). This contrasts with the non-
target testing in other studies with 57 non-targets from 4 orders and 7 families [34] and 83
non-targets from 3 orders and 7 families [35]. Cross amplification of primers can occur across
very disparate taxa [59] emphasizing the need for strenuous non-target testing. Additionally,
we obtained the primers published in Greenstone et al [34] and tested them against a subset of
our non-target extracted DNA (93 non-targets) and found multiple bands in most wells. DNA
decay rates also often differ between taxa and primers [60]. Neither our present study, nor the
previous two field studies [34, 35] employed decay rate trials and these could help explain the
disparity of results. Therefore, differences in primer design among studies may have contrib-
uted to differential gut-content amplification.
Variability in predation by omnivores can also occur over years. Omnivorous Geocoris spp.
have been examined in several studies employing molecular gut-content analysis in open field
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conditions and estimates of their gut-content positives were quite variable over time. For
example, Hagler and Blackmer [40] tested Geocoris spp. collected in sweep nets for predation
on three different prey items and found that in 2007, 15% of Geocoris spp. (N = 215) were
found to be preying on Bemisia tabaci, whereas in 2008 (N = 160), 46% were positive for B.
tabaci. An opposite trend was observed for Lygus spp., with 35% of Geocoris spp. testing posi-
tive for Lygus predation in 2007 and 4% testing positive for Lygus spp. in 2008. Therefore, vari-
ability in predation over years by omnivorous species may occur because available alternative
resources (prey, seed or other food items) as well as due to annual predator population vari-
ability [61].
Variability in predation by adults and nymphs of generalist predators within the same crop
also can occur. For example, in a study investigating predation of the soybean aphid (Aphis gly-
cines) variability was found with O. insidiosus: 13.4% of adults and 25% of immatures were
gut-content positive for A. glycines [62]. The same trend was found with the other prey species
tested—Neohydatothrips variabilis (Beach)—with 21.7% of adult O. insidiosus and 5.0% of
immatures positive for N. variabilis [62]. A study on the same predators and prey, but not sep-
arated by life stage, found that O. insidiosus preyed upon A. glycines and N. variabilis, 65% and
35% of the time, respectively [63]. Even within the same system, these generalist predators can
vary greatly in their gut-content positives for the same prey items.
The variance in the frequency of a predator species testing positive for the same prey species
from year to year, and the potential influence of different densities of predators, available alter-
native prey, and other food sources on species interactions [40, 62, 63] suggest that the effec-
tiveness of generalist predators and omnivores for controlling stink bug pests may need to be
viewed on a case-by-case basis. In addition, our study highlights the need for replicated studies
in space and time. Our results contrast with previous studies occurring in the same crops in
similar locations [34, 35], but were sampled only one month in a single year. The present study
pinpointed several generalist predators that were consuming stink bug pests (Geocoris spp., N.
monodon and Orius spp.), although they exhibited a low rate of testing positive for these pests.
Before implementing a biological control scheme in a specific agroecosystem, it is important
to know which natural enemies are having an impact on the focal pests. It is essential, there-
fore, that experiments exploring the effects of natural enemies on pests be replicated so we can
elucidate the variability in and anticipate the outcome of interactions between stink bug popu-
lations and their generalist natural enemies. This information will permit optimization of inte-
grated pest management schemes in cotton and soybean agroecosystems addressing stink
bugs. A better understanding of the foraging behavior of these predators with a complex cock-
tail of prey species and densities, and when alternative resources are available, would be
needed to be able to predict their biological control potential in relation to a focal pest. And
given that the effects of local scale factors on natural enemies can depend on landscape context
[64–67], and the wide host range and high dispersal ability of stink bugs, it’s likely important
to consider both landscape and local level effects on biological control of these crop pests.
Supporting information
S1 Table. List of non-target taxa screened for cross reactivity with stink bug primers.
(DOCX)
Acknowledgments
We thank Jen White, John Obrycki, and Ric Bessin and two reviewers for helpful comments in
preparing this manuscript.
Predation on stink bugs
PLOS ONE | https://doi.org/10.1371/journal.pone.0214325 March 26, 2019 10 / 14
Author Contributions
Conceptualization: John R. Ruberson, Dawn M. Olson, James D. Harwood.
Data curation: Kacie J. Athey.
Formal analysis: Kacie J. Athey.
Funding acquisition: John R. Ruberson, James D. Harwood.
Investigation: Kacie J. Athey, John R. Ruberson, Dawn M. Olson, James D. Harwood.
Methodology: Kacie J. Athey, John R. Ruberson, James D. Harwood.
Supervision: John R. Ruberson, James D. Harwood.
Validation: Kacie J. Athey.
Visualization: Kacie J. Athey.
Writing – original draft: Kacie J. Athey.
Writing – review & editing: Kacie J. Athey, John R. Ruberson, Dawn M. Olson, James D.
Harwood.
References
1. Greene JK, Turnipseed SG, Sullivan MJ, May OL. Treatment thresholds for stink bugs (Hemiptera: Pen-
tatomidae) in cotton. J Econ Entomol. 2001; 94(2): 403–9. https://doi.org/10.1603/0022-0493-94.2.403
PMID: 11332832
2. Williams MR. Cotton Insect Losses http://www.entomology.msstate.edu/resources/croplosses/
2013loss.asp2013 [cited 2017 January 25].
3. Panizzi AR, Slansky F. Review of phytophagous pentatomids (Hemiptera: Pentatomidae) associated
with soybean in the Americas. Fla Entomol. 1985; 68(1): 184–214. https://doi.org/10.2307/3494344
4. Turnipseed SG, Kogan M. Soybean entomology. Annu Rev Entomol. 1976; 21: 247–82. https://doi.org/
10.1146/annurev.en.21.010176.001335
5. McPherson JE, McPherson RM. Stink Bugs of Economic Importance in America North of Mexico. Flor-
ida: CRC Press; 2000.
6. Ruberson JR, Olson DM, Athey KJ, Harwood JD. Biological control of stink bugs in cotton. Proceedings
of the 2012 Beltwide Cotton Conference. 2012; 1153–8.
7. Allen CT. Boll weevil eradication: an areawide pest management effort. In: Koul O, Cuperus G, Elliott N,
editors. Areawide Pest Management: Theory and Implementation. Oxfordshire, UK: CAB International;
2008. p. 467–557.
8. Greene JK, Turnipseed SG, Sullivan MJ, Herzog GA. Boll damage by southern green stink bug (Hemi-
ptera: Pentatomidae) and tarnished plant bug (Hemiptera: Miridae) caged on transgenic Bacillus thurin-
giensis cotton. J Econ Entomol. 1999; 92(4): 941–4.
9. Turnipseed SG, Sullivan MJ, Mann JE, Roof ME. Secondary pests in transgenic Bt cotton in South
Carolina. 1995 Proceedings Beltwide Cotton Conferences. 1995; 2: 768–9.
10. Zeilinger AR, Olson DM, Andow DA. Competitive release and outbreaks of non-target pests associated
with transgenic Bt cotton. Ecol Appl. 2016; 26(4): 1047–54. https://doi.org/10.1890/15-1314 PMID:
27509747
11. Bundy CS, McPherson RM. Dynamics and seasonal abundance of stink bugs (Heteroptera: Pentatomi-
dae) in a cotton-soybean ecosystem. J Econ Entomol. 2000; 93(3): 697–706. https://doi.org/10.1603/
0022-0493-93.3.697 PMID: 10902318
12. Vyavhare SS, Way MO, Medina RF. Stink bug species composition and relative abundance of the red-
banded stink bug (Hemiptera: Pentatomidae) in soybean in the Upper Gulf Coast Texas. Environ Ento-
mol. 2014; 43(6): 1621–7. https://doi.org/10.1603/EN14059 PMID: 25290375
13. Zeilinger AR, Olson DM, Raygoza T, Andow DA. Do counts of salivary sheath flanges predict food con-
sumption in herbivorous stink bugs (Hemiptera: Pentatomidae)? Ann Entomol Soc Am. 2015; 108(2):
109–116.
14. Corrêa-Ferreira BS, de Azevedo J. Soybean seed damage by different species of stink bugs. Agric For
Entomol. 2002; 4(2): 145–50. https://doi.org/10.1046/j.1461-9563.2002.00136.x
Predation on stink bugs
PLOS ONE | https://doi.org/10.1371/journal.pone.0214325 March 26, 2019 11 / 14
15. Panizzi AR, Parra JRP, Silva AC. Insect Bioecology and Nutrition for Integrated Pest Management.
Boca Raton, FL: CRC Press; 2012. 687–705.
16. Cook DR. Cotton Insect Losses—2017 [cited 6 June 2018].
17. Panizzi AR. Suboptimal nutrition and feeding behavior of hemipterans on less preferred plant food
sources. An Soc Entomol Bras. 2000; 29(1): 1–12. https://doi.org/10.1590/s0301-
80592000000100001
18. Panizzi AR, McPherson JE, James DG, Javahery M, McPherson RM. Stink bugs (Pentatomidae). In:
Schaefer CW, Panizzi A. R., editor. Heteroptera of economic importance. Boca Raton, Fl: CRC Press;
2000.
19. Todd JW. Ecology and behaviour of Nezara viridula. Annu Rev Entomol. 1989; 34:273–292.
20. Jones WA, Sullivan MJ. Role of host plants in population-dynamics of stink bug (Hemiptera: Pentatomi-
dae) pests of soybean in South Carolina. Environ Entomol. 1982; 11(4): 867–75.
21. Willrich MM, Leonard BR, Cook DR. Laboratory and field evaluations of insecticide toxicity to stink bugs
(Heteroptera: Pentatomidae). The Journal of Cotton Science. 2003; 7: 156–63.
22. Snodgrass G, Adamczyk J Jr, Gore J. Toxicity of insecticides in a glass-vial bioassay to adult brown,
green, and southern green stink bugs (Heteroptera: Pentatomidae). J Econ Entomol. 2005; 98(1): 177–
81. PMID: 15765680
23. Naranjo SE. Impacts of Bt transgenic cotton on integrated pest management. J Agric Food Chem.
2011; 59(11): 5842–51. https://doi.org/10.1021/jf102939c PMID: 20942488
24. Power AG. Ecosystem services and agriculture: tradeoffs and synergies. Philos Trans R Soc Lond B
Biol Sci. 2010; 365(1554): 2959–71. https://doi.org/10.1098/rstb.2010.0143 PMID: 20713396
25. Losey JE, Vaughan M. The economic value of ecological services provided by insects. Bioscience.
2006; 56(4): 311–23. https://doi.org/10.1641/0006-3568(2006)56[311:tevoes]2.0.co;2
26. Ehler LE. An evaluation of some natural enemies of Nezara viridula in northern California. Biocontrol.
2002; 47: 309–25.
27. Olson DM, Ruberson JR. Crop-specific mortality of southern green stink bug eggs in Bt- and non-Bt cot-
ton, soybean and peanut. Biocontrol Sci Technol. 2012; 22(12): 1417–28. https://doi.org/10.1080/
09583157.2012.731495
28. Ragsdale DW, Larson AD, Newsom LD. Quantitative assessment of the predators of Nezara viridula
eggs and nymphs within a soybean agroecosystem using an ELISA. Environ Entomol. 1981; 10(3):
402–5.
29. Stam PA, Newson LD, Lambremont EN. Predation and food as factors affecting survival of Nezara viri-
dula (L.) (Hemiptera: Pentatomidae) in a soybean ecosystem. Environ Entomol. 1987; 16(6): 1211–6.
30. Tillman PG. Populations of stink bugs (Heteroptera: Pentatomidae) and their natural enemies in pea-
nuts. J Entomol Sci. 2008; 43(2): 191–207.
31. Tillman PG. Natural biological control of stink bug (Heteroptera: Pentatomidae) eggs in corn, peanut,
and cotton farmscapes in Georgia. Environ Entomol. 2011; 40(2): 303–14. https://doi.org/10.1603/
en10154
32. Van Den Berg H, Bagus A, Hassan K, Muhammad A, Zega S. Predation and parasitism on eggs of two
pod-sucking bugs, Nezara viridula and Piezodorus hybneri in soybean. Int J Pest Manag. 1995; 41(3):
134–42.
33. Yeargan KV. Parasitism and predation of stink bug eggs in soybean and alfalfa fields. Environ Entomol.
1979; 8: 715–9.
34. Greenstone MH, Tillman PG, Hu JS. Predation of the newly invasive pest Megacopta cribraria (Hemi-
ptera: Plataspidae) in soybean habitats adjacent to cotton by a complex of predators. J Econ Entomol.
2014; 107(3): 947–54. https://doi.org/10.1603/ec13356 PMID: 25026652
35. Tillman PG, Greenstone MH, Hu JS. Predation of stink bugs (Hemiptera: Pentatomidae) by a complex
of predators in cotton and adjoining soybean habitats in Georgia, USA. Fla Entomol. 2015; 98(4):
1114–26. https://doi.org/10.1653/024.098.0416
36. Furlong MJ. Knowing your enemies: Integrating molecular and ecological methods to assess the impact
of arthropod predators on crop pests. Insect Sci. 2015; 22(1): 6–19. https://doi.org/10.1111/1744-7917.
12157 PMID: 25081301
37. Hagler JR, Blackmer F, Spurgeon DW. Accuracy of a prey-specific DNA assay and a generic prey-
immunomarking assay for detecting predation. Methods Ecol Evol. 2015; 6(12): 1426–34. https://doi.
org/10.1111/2041-210x.12436
38. Juen A, Traugott M. Revealing species-specific trophic links in soil food webs: Molecular identification
of scarab predators. Mol Ecol. 2007; 16(7): 1545–57. https://doi.org/10.1111/j.1365-294X.2007.03238.
x PMID: 17391275
Predation on stink bugs
PLOS ONE | https://doi.org/10.1371/journal.pone.0214325 March 26, 2019 12 / 14
39. King RA, Read DS, Traugott M, Symondson WOC. Molecular analysis of predation: a review of best
practice for DNA-based approaches. Mol Ecol. 2008; 17: 947–63. https://doi.org/10.1111/j.1365-294X.
2007.03613.x PMID: 18208490
40. Hagler JR, Blackmer F. Identifying inter- and intra-guild feeding activity of an arthropod predator assem-
blage. Ecol Entomol. 2013; 38(3): 258–71. https://doi.org/10.1111/een.12014
41. Schmidt JM, Barney SK, Williams MA, Bessin RT, Coolong TW, Harwood JD. Predator-prey trophic
relationships in response to organic management practices. Mol Ecol. 2014; 23(15): 3777–89. https://
doi.org/10.1111/mec.12734 PMID: 24673741
42. Cohen AC. Extraoral digestion in predaceous terrestrial Arthropoda. Annu Rev Entomol. 1995; 40: 85–
103. https://doi.org/10.1146/annurev.ento.40.1.85
43. von Berg K, Traugott M, Scheu S. Scavenging and active predation in generalist predators: A meso-
cosm study employing DNA-based gut content analysis. Pedobiologia. 2012; 55: 1–5.
44. Greenstone MH, Szendrei Z, Payton ME, Rowley DL, Coudron TC, Weber DC. Choosing natural enemies
for conservation biological control: use of the prey detectability half-life to rank key predators of Colorado
potato beetle. Entomol Exp Appl. 2010; 136(1): 97–107. https://doi.org/10.1111/j.1570-7458.2010.01006.x
45. Grey TL, Buntin GD, Roberts PM, Bridges DC. Potential interaction of pendimethalin and systemic
insecticides for thrips control in cotton. Agronomy Journal. 2006; 98(1): 141–7. https://doi.org/10.2134/
agronj2005-0145
46. Ubick D, Paquin P, Cushing PE, Roth V. Spiders of North America: an identification manual. Keene,
New Hampshire: American Arachnological Society; 2005. 377 p.
47. Penn HJ, Athey KJ, Lee B. Land cover diversity increases predator spatial aggrgation to and consump-
tion of prey. Ecol Lett. 2017; 20: 609–618. https://doi.org/10.1111/ele.12759 PMID: 28370953
48. Pfannenstiel RS, Booth W, Vargo EL, Schal C. Blattella asahinai (Dictyoptera: Blattellidae): A new pred-
ator of lepidopteran eggs in South Texas soybean. Ann Entomol Soc Am. 2008; 101(4): 763–8. https://
doi.org/10.1603/0013-8746(2008)101[763:badban]2.0.co;2 PubMed.
49. Fenoglio MS, Trumper EV. Influence of weather conditions and density of Doru luteipes (Dermaptera:
Forficulidae) on Diatraea saccharalis (Lepidoptera: Crambidae) egg mortality. Environ Entomol. 2007;
36(5): 1159–65. https://doi.org/10.1603/0046225x(2007)36[1159:iowcad]2.0.co;2 PMID: 18284741
50. Palumi SR, Martin A, Romano S, McMillan WO, Stice L, Grabowski G. The Simple Fool’s Guide to
PCR. Department of Zoology and Kewalo Marine Laboratory. version 2.0 ed. Honolulu HI: University of
Hawaii; 1991.
51. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004; 32(5): 1792–7. https://doi.org/10.1093/nar/gkh340 PMID: 15034147
52. Rozen S, Skaletsky H. PRIMER 3 on the WWW for general users and for biologist programmers. In:
Krawetz S, Misener S., editor. Bioinformatics Methods and Protocols: Methods in Molecular Biology.
Totowa, New Jersey: Humana Press; 2000. p. 365–86.
53. Biles S. Stink bugs in cotton and soybeans: Texas A&M Agrilife Extension; 2018 [cited 2019]. Available
from: https://agrilife.org/mid-coast-ipm/2018/07/20/stink-bugs-in-cotton-and-soybeans/.
54. Hollifield S. Cotton Insect Threshold Chart: University of Georgia Extension; 2014 [cited 2019]. Avail-
able from: https://site.extension.uga.edu/brooksag/2014/07/cotton-insect-threshold-chart/.
55. Reed JT, Adams LC, Abel CA. Comparison of three insect sampling methods in sweetpotato foliage in
Mississippi. J Entomol Sci. 2010; 45(2):111–28.
56. McPherson RM, Newsom LD, Farthing BF. Evaluation of four stink bug species (Heteroptera: Pentato-
midae) from 3 genera affecting soybean yield and quality in Louisiana. J Econ Entomol. 1979; 72(2):
188–94.
57. Davis DL. Population dynamics of four species of Geocoris in the peanut agroecosystem: Texas A&M;
1981.
58. De Lima JOG, Leigh TF. Effect of cotton genotypes on the western bigeyed bug (Heteroptera: Miridae).
J Econ Entomol. 1984; 77(4): 898–902.
59. Chapman EG, Schmidt JM, Welch KD, Harwood JD. Molecular evidence for dietary selectivity and pest
suppression potential in an epigeal spider community in winter wheat. Biol Control. 2013; 65(1): 72–86.
https://doi.org/10.1016/j.biocontrol.2012.08.005
60. Greenstone MH, Payton ME, Weber DC, Simmons AM. The detectability half-life in arthropod predator-
prey research: what it is, why we need it, how to measure it, and how to use it. Mol Ecol. 2014; 23(15):
3799–813. https://doi.org/10.1111/mec.12552 PMID: 24303920
61. Lucas E, Maisonhaute HE. Differential responses of granivorous, omnivorous and carnivorous species
of ground beetles (Coleoptera: Carabidae) to local and landscape characteristics in a Canadian land-
scape. Acta Soc Zool Bohem. 2015; 79: 83–94.
Predation on stink bugs
PLOS ONE | https://doi.org/10.1371/journal.pone.0214325 March 26, 2019 13 / 14
62. Harwood JD, Yoo HJS, Greenstone MH, Rowley DL, O’Neil RJ. Differential impact of adults and
nymphs of a generalist predator on an exotic invasive pest demonstrated by molecular gut-content anal-
ysis. Biol Invasions. 2009; 11(4): 895–903. https://doi.org/10.1007/s10530-008-9302-6
63. Harwood JD, Desneux N, Yoo HJS, Rowley DL, Greenstone MH, Obrycki JJ, et al. Tracking the role of
alternative prey in soybean aphid predation by Orius insidiosus: a molecular approach. Mol Ecol. 2007;
16(20): 4390–400. https://doi.org/10.1111/j.1365-294X.2007.03482.x PMID: 17784913
64. Batary P, Baldi A, Kleijn D, Tscharntke T. Landscape-moderated biodiversity effects of agri-environ-
mental management: a meta-analysis. Proc R Soc Biol Sci Ser B. 2011; 278(1713): 1894–902. https://
doi.org/10.1098/rspb.2010.1923 PMID: 21106585
65. Kleijn D, Rundlof M, Scheper J, Smith HG, Tscharntke T. Does conservation on farmland contribute to
halting the biodiversity decline? Trends Ecol Evol. 2011; 26(9):474–81. https://doi.org/10.1016/j.tree.
2011.05.009 PMID: 21703714
66. Tscharntke T, Klein AM, Kruess A, Steffan-Dewenter I, Thies C. Landscape perspectives on agricultural
intensification and biodiversity—ecosystem service management. Ecol Lett. 2005; 8(8):857–74. https://
doi.org/10.1111/j.1461-0248.2005.00782.x
67. Tscharntke T, Tylianakis JM, Rand TA, Didham RK, Fahrig L, Batary P, et al. Landscape moderation of
biodiversity patterns and processes—eight hypotheses. Biological Reviews. 2012; 87(3):661–85.
https://doi.org/10.1111/j.1469-185X.2011.00216.x PMID: 22272640
Predation on stink bugs
PLOS ONE | https://doi.org/10.1371/journal.pone.0214325 March 26, 2019 14 / 14
